Context. Demographic parameters in wildlife populations are typically estimated by monitoring a limited number of individuals in observable sites and assuming that these are representative of the whole population. If individuals permanently disperse to unobservable breeding sites, recruitment and immature survival are expected to be negatively biased and breeding-site fidelity cannot be investigated.
Introduction
Capture-mark-recapture (CMR) techniques, based on encounter-history data of uniquely marked individuals, are increasingly used in ecological studies to address biological hypotheses on individual survival, recruitment or population growth rate (Burnham et al. 1987; Pradel et al. 1997; Tavecchia et al. 2002; Williams et al. 2002) . A major limitation in CMR analysis is that permanent emigration is confounded with mortality, so all estimates should be considered as 'local', i.e. referring to those animals that are present and observable into the study area (Lebreton and North 1993) . In many cases this is not a problem, as ecologists and wildlife managers are often interested in local dynamics. However, in some cases the problem might be more serious. In studying recruitment processes or breeding dispersal, for example, all movements to unobservable areas could be erroneously ascribed to mortality events (Lambrechts et al. 1999; Sanz-Aguilar et al. 2016) . This problem can be partially overcome with additional information, i.e. radio-tracking data or complementary observations. For example, merging local recaptures with recoveries outside the study area allows the estimation of true, rather than local, survival and site fidelity (Burnham 1993) . Adding information also makes it possible to determine new parameters not directly measured. Sanz-Aguilar et al. (2011) were able to obtain estimates of reproductive skipping of the Scopoli's shearwater Calonectris diomedea by combining information on nest occupancy with individual capture-recapture data. In CMR analysis, mulistrata capture-recapture models can be used to merge different types of information, e.g. recaptures at different sites or individuals observed in different breeding states (Brownie et al. 1993; Lebreton et al. 1999) . Pradel (2009) proposed a generalisation of these models, in which survival and transitions between strata are treated as unobservable individual states (what we would like to know) and observations as events (what we observed). Multi-event models are built as a series of matrices of conditional probabilities and can incorporate unobservable processes to handle uncertainty on individual state ). Here we developed a new parameterisation of a multi-event model that combines recaptures at different sites. This model facilitates estimation of survival unconditional to the breeding site as well as breeding dispersal to unobservable or unmonitored nests. Dispersal to unobservable breeding sites is common in studies of birds or mammals where animals are monitored in artificial nest boxes but can move to unobservable sites, e.g. natural nests (Lambrechts et al. 1999; Pilastro et al. 2003) . The annual survival probability estimated using data only from nest boxes would be underestimated if unobservable sites are preferred, or when they are more common than the monitored ones. This problem can be partially solved using additional captures in communal feeding grounds or pathways, as missing animals are likely to 're-appear' in the dataset. However, some hypotheses, such as breeding-site fidelity, might still be impossible to address because the location of an animal's nest is unknown if it is only encountered outside the nest. We present a new parameterisation of the multi-event capture-recapture model that resolves the uncertainty associated with the event 'caught outside the nest'. We illustrate the model using real data from a capture-recapture study of the largest colony of little penguins (Eudyptula minor) in Western Australia, on Penguin Island. The penguins were caught in artificial nest boxes and on arrival at the colony. The capture of previously assumed dead penguins on arrival indicated that some birds had moved to natural and inaccessible nests. This highlights that the survival probability estimated using capture-recapture data only from artificial nest boxes is likely to be underestimated. We were interested in assessing the following: (1) the bias induced by the partial monitoring of the colony; (2) whether survival in artificial nests differs from the one in natural nests; and (3) whether penguins were more faithful to a particular type of breeding site.
Methods

Study site and capture-recapture methodology
This study was carried out on Penguin Island, Western Australia (32 18 0 S, 115 41 0 E). Penguins do not dig burrows on this island as the sandy substrate is too friable (Klomp et al. 1991) . Rather, they nest under bushes (Dunlop et al. 1988) as well as in nestboxes placed around the island (Klomp et al. 1991) . Birds breeding in natural sites cannot be identified because nest location is unknown or inaccessible to researchers. From 2007 to 2010, between 113 and 129 nestboxes have been monitored every 11 AE 0.52 days, on average, from June to November, the main breeding season. The adult identity (from flipper bands or, more recently, microchips) was noted on each visit. For the beach captures, penguins were caught as they returned to the colony in the evening. They were caught at one of four sites, one site per night, over four consecutive nights (See Cannell et al. 2011) . This was repeated on three occasions between October and November in 2007, and on four occasions in 2008 (September-October), 2010 (October-December) and 2011 (September-October). The block of four-night captures was generally repeated every two to three weeks, with a oneweek break on one occasion in 2008. Microchips were read with a portable reader (Iso Max IV, scanning distance up to 30 cm; Novartis Animal Health, Sydney).
A model to handle state uncertainty when animals move to unobservable locations
We considered 4 years of capture-recapture data of individually marked little penguins breeding at Penguin Island, 2007-10 for nestbox data, and 2007, 2008, 2010 and 2011 for beach captures. The nesting site of birds caught only at the beach is unknown and we shall deal with this uncertainty to estimate site-dependent survival and between-nest type movements. We define three different possible states in which a bird might be: (1) alive in a nest box (Ax); (2) alive in a natural nest (An); and (3) dead (D). Whilst observations occurred at nestboxes and at the beach surrounding the colony, the birds breeding in natural nests are unobservable, as are those that die. Consequently, the estimate of state-dependent survival should be inferred from four types of observations (events): (1) birds encountered in nest boxes (coded '1'); (2) birds encountered at the beach only (coded '2'); (3) birds encountered at the beach and in a nest box in the same breeding season (coded '3'); and (4) birds not encountered (coded '0'). For each animal we wrote an encounter history as a chain of the events described above. So that an encounter history as '10223' refers to an animal marked in a nest box the first year of the study, not encountered during the second year, reencountered in two successive years at the beach only and caught at the beach and in a nest box during the last year. All birds were captured as adults and assumed to be breeders on the island. However, this assumption may not hold because we do not have data on the breeding state of each bird (see 'Discussion' for the possibility to incorporate the uncertainty of the breeding state). Assuming all birds are breeders, observations at a nest box (i.e. encountered in a nest box or encountered at the beach and in a nest box) are in state Ax, i.e. breeding in a nest box. However, a bird encountered at the beach only might be breeding either in a nest box but not detected (state Ax), or in a natural nest (state An), which is not observable. To handle this uncertainty we consider four additional intermediate states, conditional on Ax and An: (1) encountered at the beach while breeding in nest box (E|Ax); (2) missed at the beach while breeding in nest box (M|Ax); (3) encountered at the beach while breeding in a natural nest (E|An); and (4) being missed at the beach while breeding in a natural nest (M|An). We use the following terms: m = the annual probability of a newly marked bird breeding in a nest-box; S Ax = the annual survival probability from time i to i+1 of a bird breeding in a nest box; S An = the annual survival probability from time i to i+1 of a bird breeding in a natural nest; Y AxAx = the probability that a bird known to be alive and in a nest box at time i will be alive and in a nest box at time i+1; Y AnAn = the probability that a bird known to be alive and in a natural nest at time i will be alive and in a natural nest at time i+1; p b = the probability of encountering a bird at the beach; p n = the probability of encountering a bird in nest box; p b|Ax = the probability of encountering a bird at the beach given it breeds on an artificial nest; p b|An = the probability of encountering a bird at the beach given it breeds on a natural nest;
Note that the probability of encountering a bird at the beach and in the next box does not appear because it is the product p bc p nb. The initial probability, p, associated with the state Ax and its complement to 1, 1-p, associated with state An, represent the proportion of birds encountered in these states when first marked (i.e. initial nest type, M0). Note that animals cannot begin their encounter history in a dead state (D), hence the initial probability associated with this unobservable state is zero:
The survival probabilities associated with each state (M1) and state-dependent transitions (i.e. breeding-site fidelity, M2) can thus be written as: To relate these probabilities to the events in capture-recapture histories we should consider two-steps. The first one describes the processes that generated the event, 'encountered at the beach' (M3): The second step describes the probability that a bird is encountered in a nest box and relates the previous intermediate states with the observed events (0, 1, 2, 3):
The full model to describe the data is the product of the five conditional matrices above (Fig. 1) .
Modelling procedure
We built the multi-event model above with software E_SURGE, especially designed to model multiplicative processes from individual capture-recapture data (Choquet et al. 2009 ). We began with a model in which all survival and transition parameters were assumed to be constant, while recapture probability was allowed to vary over time, i.e. one value of p b and p n for each year of the study, to account for the discontinuous nature of the data (Table 1) . A statistical procedure for a goodnessof-fit test of multi-event models is currently not available. As a consequence, we analysed data from each event separately and assessed the goodness of fit of a model with constant survival and time-dependent recapture probabilities by simulations. For each event we compared the deviance of this model with the distribution of deviances of a set of 100 simulated datasets (bootstrap procedure in program MARK; White and Burnham 1999) . In all three cases, the goodness of fit suggested that a model with constant survival and time-dependent recapture probability described the data adequately (State Ax: P = 0.93; State An: P = 0.76; State AxAn: P = 0.72). We therefore considered a model in which all parameters were assumed to be state dependent. In this model, survival and transitions were assumed to be constant, while the encounter probability was left to vary over time (Model 1 in Table 2 ). In addition to this first model, we considered another three models by eliminating the state difference firstly from transitions (Y AxAx = Y AnAn ; Model 2 in Table 2 ), then from survival (S Ax = S An ; Model 3 in Table 2 ), and finally from both parameters simultaneously (S Ax = S An and Y AxAx = Y AnAn ; Model 3 in Table 2 ). We compared these four models using AIC adjusted for small sample sizes (AICc) and selected the one with the lowest value as the best compromise between model complexity and model deviance (Akaike 1973 
Results
The model in which survival did not vary by breeding site had the lowest AICc value (Table 2 ). In contrast, this simplification did not hold for breeding-site fidelity, even when tested assuming constant survival across states. The annual survival probability from the best-supported model was 0.86 (s.e. = 0.029), a value 8% higher than the one obtained by the same model but considering the information from the nest boxes only (0.79, s.e. = 0.025, model not shown, Fig. 2) . Note that the uncertainties on survival estimates are similar despite the model (including the recaptures at the beach) having seven parameters more (see Discussion). Site fidelity was significantly different according to breeding site (Table 2) : the probability of breeding two consecutive years in a nest box was 0.83 (s.e. = 0.035), while the breeding-site fidelity to a natural nest was 0.98 (s.e. = 0.004; Fig. 3 ). As expected, the encounter probability in nest boxes was high, ranging from 0.78 (s.e. = 0.04) to 0.95 (s.e. = 0.06) during the study period. In contrast, encounter probability at the beach was substantially lower, ranging between 0.20 (s.e. = 0.02) from 0.49 (s.e. = 0.02; Fig. 4) . Note that the probability of being encountered at the beach and in a nest box is the product p b p n, and as such cannot be independently estimated or modelled. Software E-SURGE does not provide derived parameters, but the product p b p n can be measured combining both parameters and its uncertainty can be estimated using d-method (Morgan 2000) .
Discussion
In capture-mark-recapture studies, individual movements within the study area can have a profound effect on the (2) Missed (0) Missed (0) Missed (0) We first considered unobservable events at the beach conditional to the breeding site (step 1). E|Ax = encountered at the beach while nesting in a nest box; E|An = encountered at the beach while nesting in a natural nest; M|Ax = missed at the beach while nesting in a nest box; M|An = missed at the beach while nesting in a nest box; M|D = missed at the beach while dead. The events observed are considered in the second step (coded 1, 2, 3 and 0). Note that step 1 is necessary to be able to solve the uncertainty on the state of birds encountered at the beach only (coded '2'). Table 2 . Modelling nest-type-dependent survival and fidelity in the little penguin at Penguin Island (Western Australia) using three types of observations (see text) Notation: Np = number of estimable parameters in the model; Deviance = model deviance -5500; AICc = Akaike's Information Criterion; DAICc = difference in AICc from the model with lowest value; '-' = constant (no effect). The probability of recapture was considered state-and timedependent in all models. The best model is in bold Table 2 ). The first value refers to Nest Box Only and is the constant survival estimate from a model considering only the information from nest boxes. The 8% difference between the two 'Nest Box' values (first and second column) is the bias induced by not considering the permanent dispersion to natural nests.
estimate of parameters such as survival or recruitment probability (Lambrechts et al. 1999; Sanz-Aguilar et al. 2016) . The problem is typical of populations in which animals use artificial as well as natural sites, which are often inaccessible to researchers (e.g. Pilastro et al. 2003; Sanz-Aguilar et al. 2016) , and is more pronounced if individuals preferentially move to these unobservable nests. Animals caught outside a nest cannot be assigned to one particular nest type and breeding dispersal cannot be estimated. We showed how this uncertainty can be handled with a special parameterisation of a multi-event capture-recapture model, using encounters of individually marked little penguins caught in nestboxes as well as at arrival beaches surrounding the colony. We found that annual survival did not depend on the nest type but that birds preferentially moved to natural nests. Incorporating both data types to account for asymmetric and permanent movements yielded estimates of local survival that were 8% higher than if those processes were ignored. Local survival of little penguins breeding at Ninth Island, along the northern coast of Tasmania, was 10% lower than what we found here (Goldsworthy et al. 2000) , but other estimates are more similar, especially when movements are considered. In a capture-recapture study of little penguin survival at Philip Island, Victoria, Sidhu et al. (2007) accounted for permanent emigration by incorporating dead recovery data collected from outside the breeding colony. The authors found an annual survival of adult little penguins (>3 years old) of 0.83, a value similar to the one found for Penguin Island. Dann et al. (2014) updated the analysis and found a value of 0.87 for birds marked with flipper bands and 0.91 for those marked with microchips only. One limitation of our study is that we made the hypothesis that all birds encountered at the beach were breeders. This might not be true if prospectors and non-breeding birds are also visiting the colony at night, which is a possibility (see Cannell et al. 2011) . A second limitation of the study is that the number of monitored nests -hence of marked birds -is low compared with the number of natural, unobservable sites. This suggests that the probability of moving into a natural nest would be higher if movements were random rather than the expression of a 'preference' for natural nests. Unfortunately we do not have the data to show the proportion of natural v. artificial nests. The occupancy rate of the nest boxes in our colony was~28% (data from 2007 to 2010). This value is lower than the one of little penguins breeding in southeast Australia (Sutherland et al. 2014) , suggesting a certain degree of selection in favour of natural nests. Nevertheless, the possible preference for natural nests must be tempered with an understanding of little penguin pair behaviour. Approximately 70% of penguins change partners due to death or disappearance of a partner or divorce, the latter associated with a poor breeding success in the previous season (Chiaradia 1999 ).
Males have a higher nest-site fidelity than females (Wienecke 1993) , and so if a female loses a partner, she is more likely to move to another nest site. Breeding dispersal might result from either a higher-than-average mortality of moulting adults due to high terrestrial temperatures in the austral summer of 2007/2008 (Cannell et al. 2011) , or from lower breeding success in 2008 and 2011 (Cannell et al. 2012) . Future research should try to investigate the breeding output and behaviour of penguins in natural nests. By combining the information collected on the nests with that collected on the beach, we were able to estimate breeding dispersal and revise the estimate of adult survival. A model with the same structure of the best-supported model (but based only on data from the nest boxes) would have four parameters: one survival and three recapture probabilities. The model including recaptures at the beach had four additional parameters: a state-dependent survival, two between-sites transitions and three additional probabilities of recapture. Notably, the complex model structure did not result in a loss of precision due to the increased sample size. Finally, the current model can be extended in several ways. For example, when breeding state is known, it would be possible to include this information together with the uncertainty on the breeding site. This would increase the number of parameters in the model but would allow testing of hypotheses on breeding costs or reproductive skipping frequency (see Sanz-Aguilar et al. 2011; Tavecchia et al. 2005) . Also, it would be possible to incorporate covariates to constraint transition and/or survival to an environmental variable. Integrating modelling, that is to say, merging data of different types or from different sources is becoming a promising field in ecological statistics (Tavecchia et al. 2009 ; Table 1 ). Schaub et al. 2010; Cannell et al. 2011; Sanz-Aguilar et al. 2011; Tenan et al. 2012 ).
